Acid-sensing ion channels (ASICs) are cationic channels activated by extracellular pH. They are present in the brain, where they are thought to participate in signal transduction associated with local pH variations, and in sensory neurons, where they have been involved in pain perception associated with tissue acidosis and in mechanoperception. The ASIC3 subunit is mainly expressed in dorsal root ganglion neurons. Its expression is associated with a rapidly inactivating current followed by a slowly activating sustained current thought to be required for the tonic sensation of pain caused by acids. We report here the interaction of this channel subunit with the multivalent PDZ (PSD-95 Drosophila discs-large protein, Zonula occludens protein 1) domaincontaining protein CIPP. This interaction requires the C-terminal region of ASIC3 and the fourth PDZ domain of CIPP. Co-expression of CIPP and ASIC3 in COS cells increases the maximal ASIC3 peak current density by a factor of 5 and slightly shifts the pH 0.5 for activation from pH 6.2 to pH 6.4. CIPP mRNA is found at a significant level in the same dorsal root ganglion neuronal cell population that expresses the ASIC3 subunit, i.e. mainly in the small nociceptive neurons. CIPP is thus a scaffolding protein that could both enhance the surface expression of ASIC3 and bring together ASIC3 and functionally related proteins in the membrane of sensory neurons.
Proton-gated Na ϩ -permeable channels have been described in many neuronal cell types in the central nervous system as well as in nociceptive neurons (1) . In the sensory neurons, they are thought to be responsible for the sensation of pain that accompanies tissue acidosis for instance in muscle and cardiac ischemia (2, 3) and in inflammation (4, 5) . Their function in the central nervous system is less documented, but an important role for these channels in signal transduction associated with local pH variations during normal neuronal activity (6, 7) has been proposed (8) . They might also be involved in pathological situations such as brain ischemia and epilepsy that produce significant extracellular acidification. A clear correlation between native H ϩ -gated currents and the recently cloned acidsensing ion channels (ASICs) 1 (9) has been established in both sensory neurons (5, 10 -12) and central neurons (13, 14) .
ASICs are proton-gated Na ϩ -permeable channels comprising four different genes encoding six polypeptides: ASIC1a (15) and ASIC1b (16, 17) , ASIC2a (18 -21) and ASIC2b (22) , ASIC3 (23) (24) (25) , and the putative ASIC subunit ASIC4 (26, 27) that is not activated by acidic pH when expressed alone. They can form functional homomeric and heteromeric ligand-gated cationic channels with different kinetics, external pH sensitivities, and tissue distribution (22, 28, 29) . ASIC1a and ASIC2b are present in brain and afferent sensory neurons, whereas the splice or initiation variant ASIC1b is found only in sensory neurons. ASIC1a and ASIC1b both mediate fast inactivating currents upon modest but rapid acidification of the external medium. ASIC2b is a modulatory subunit that can associate with other ASIC subunits, particularly ASIC3 (22) . ASIC3 (previously named DRASIC) is principally found in the small and medium nociceptive sensory neurons (5) , and its expression has been associated with a biphasic current comprising a fast inactivating component followed by a sustained phase (25) . ASIC3 is involved in acid-evoked nociception and in some aspects of mechanosensation as recently demonstrated by its gene inactivation in mice (12) .
We have used the yeast two-hybrid approach in the present study to investigate the putative ASIC3-associated proteins in sensory neurons. We have identified the multivalent PDZ domain-containing protein CIPP (channel-interacting PDZ domain protein) as an apparent partner of ASIC3 in DRG neurons.
EXPERIMENTAL PROCEDURES
Library Construction and Yeast Two-hybrid Screen-Total RNA was isolated from freshly dissected adult rat DRG (5-week-old Wistar rats) according to the protocol of Chomczynski and Sacchi (30) . Poly(A)
ϩ RNA was purified with oligo(dT)-cellulose (type 7; Amersham Biosciences) and used to produce cDNA using the cDNA synthesis kit from Stratagene. Briefly, the kit used modified oligo(dT) primers carrying an XhoI restriction site and EcoRI adapters to allow unidirectional cloning in the appropriate vector. The cDNAs were then size-fractionated on Sepharose CL-2B gel, and cDNAs of 0.5 kb or more were pooled and ligated into the pJG4 -5 prey vector previously digested with the EcoRI and XhoI restriction enzymes. After transformation in bacteria, 3.16 ϫ 10 6 independent clones were obtained. Sixteen clones were randomly picked and digested with EcoRI and XhoI, and all of them contained * This work was supported by the Centre National de la Recherche Scientifique, the Association Française contre les Myopathies, the Association pour la Recherche sur le Cancer, and AstraZenecaAB, Research Area CNS/Pain. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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¶ To whom correspondence should be addressed. inserts with an average size of 1.5 kb (ranging from 0.5 to more than 3 kb). Large amounts of plasmid DNA were prepared using a Qiagen Plasmid Giga kit, and the library was not subsequently amplified.
An ASIC3 C-terminal bait corresponding to the last 68 amino acids of ASIC3 was used to screen 9.5 ϫ 10 6 clones of the rat DRG cDNA library with the LexA-based GFP two-hybrid system (Grow'n'Glow system; MoBiTec). Several positive clones were obtained and confirmed in a second round of screening in the yeast system. The full-length mouse CIPP cDNA encoding the 612-amino acid protein and the modified CIPP and ASIC3 forms were obtained by PCR.
GST Fusion Protein Binding Assays-The ASIC3 C-terminal domain that was used as a bait in the two-hybrid screen was inserted into the pGEX-3X plasmid (Amersham Biosciences) for production of a GST fusion protein in bacteria. Briefly, the bacteria pellet was resuspended in IPAB buffer (20 mM HEPES, pH 7.8, 150 mM KCl, 0.1% gelatin, 0.1% Triton X-100, 0.1% Nonidet P-40, 5 mM MgCl 2 , 2 mM dithiothreitol, and protease inhibitors), sonicated for 1 min, and then submitted to centrifugation for 20 min at 45,000 rpm at 4°C. The supernatant was incubated with glutathione-Sepharose 4B resin (Amersham Biosciences) for 5 h at 4°C, washed three times with phosphate-buffered saline, and resuspended in IPAB buffer. In vitro translation was performed from a plasmid carrying the full-length CIPP or a form lacking the PDZ-4 preceded by a T7 promoter sequence with the TNT T7 Quick for PCR DNA system (Promega) in a final volume of 25 l for 60 min at 30°C in the presence of [ 35 S]methionine/[ 35 S]cysteine (TranS-label; ICN). Five l of in vitro-translated products were incubated with 50 l of GSTglutathione-Sepharose resin for 90 min at 4°C, washed three times with phosphate-buffered saline and resuspended in Laemmli buffer, heated for 5 min at 95°C, and analyzed by SDS-PAGE. Gels were treated with 1 M salicylic acid for 30 min, dried, and exposed to Kodak X-Omat AR film at Ϫ70°C.
Reverse Transcription-PCR and in Situ Hybridization-Rat DRG total RNA was isolated from adult Wistar rats as described previously. About 2 g of rat DRG total RNA were primed with random hexamers in the presence of Superscript II reverse transcriptase (Invitrogen). The reaction was carried out at 25°C for 10 min and then at 37°C for 1 h and at 90°C for 5 min. After dilution, one-twentieth of the reaction was used for PCR using the following sense and antisense primers: ASIC3, CTGGCAACGGACTGGAGATTA and TGTAGTAGCGCACGGGTTGG (amplicon of 506 bp); and CIPP, GAGGAGAACTTGGAGGTGTT and TTTGTAGGCTGGTGATGACT (amplicon of 382 bp).
Twenty-five cycles of PCR (95°C for 30 s, 60°C for 30 s, and 72°C for 1 min) were performed, except for ␤-actin, for which only 22 cycles were done. One-third of the PCR reaction was resolved on a 2% agarose gel. Dorsal root ganglia from adult Wistar rats were embedded in TissueTec (Sakura), frozen at Ϫ25°C, and then cut in a cryostat and transferred onto poly-L-lysine-coated slides. The ϳ12-m sections were fixed in 4% (w/v) paraformaldehyde for 5 min at room temperature and then washed in phosphate-buffered saline, and endogenous peroxidases were quenched with 0.3% H 2 O 2 in methanol for 20 min. The sections were than prehybridized for 2 h and hybridized overnight at 52°C in a solution containing 12.5% formamide, 4ϫ SSC, 2.5ϫ Denhardt's solution, 250 g/ml herring sperm DNA, and 0.1% dextran sulfate. Two antisense synthetic oligonucleotides corresponding to the rat CIPP sequence CCTCTATTCTTTTTCCCTCCGATTTTATTCTTTTA and TTCTTGTCCTTTTCCAGTTCGATAATGTGTAGTTCTC and one sense primer corresponding to the sequence TAAAAGAATAAAATCGGA-GGGAAAAAGAATAGAGG were labeled with biotin-21-dUTP (CLON-TECH) with terminal transferase (Roche Molecular Biochemicals) and then used separately for the hybridization. The sections were then washed twice with 2ϫ SSC, once with 1ϫ SSC, and once with 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 0.05% Tween 20. The signal was then amplified once with DAKO's GenPoint kit. After aqueous hematoxylin staining, the cryosections were mounted in Crystal Mount, viewed with a Leitz microscope, and photographed. Image processing and analysis were done using the National Institutes of Health Image program.
Expression and Electrophysiology in COS Cells-COS cells at a density of 20,000 cells/35-mm-diameter Petri dish were transfected with a mix of the bicistronic vector pCI-CIPP-IRES-CD8 and pCI-rASIC3 (10:1 ratio) using the DEAE-dextran method. Cells were used for electrophysiological measurements 1-3 days after transfection. Successfully transfected cells were recognized by their ability to fix CD8 antibodycoated beads (Dynal). We used the patch clamp technique to measure membrane currents in whole-cell and outside-out configurations (31) . Currents were amplified with a RK-400 amplifier (Bio-Logic Science Instruments), digitized with a 16-bit data acquisition system (Digidata 1322A; Axon Instruments), and recorded on a hard disk using pClamp software (version 8.1.0.12; Axon Instruments). The data were sampled at either 3.3 or 20 kHz (for whole-cell and outside-out recordings, respectively), and low pass filtered at 3-5 kHz using an 8-pole low pass filter (Bio-Logic Science Instruments). Off-line analysis of currents was performed using pClamp (Axon Instruments) and Bio-Patch (version 3.42; Bio-Logic Science Instruments) to obtain amplitude histograms. Currents obtained from outside-out patches were digitally filtered to 1 kHz using pClamp (Axon Instruments). The statistical significance of differences between sets of data was estimated using Student's t test.
The pipette solution contained 140 mM KCl, 5 mM NaCl, 2 mM MgCl 2 , 5 mM EGTA, and 10 mM HEPES, pH 7.3, and the bath solution contained 150 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , and 10 mM HEPES, pH 7.4. MES was used instead of HEPES to buffer bath solution pH ranging from pH 6 to pH 5. Changes in extracellular pH were induced by shifting one out of six outlets of a microperfusion system in front of the cell. Cells were voltage-clamped to a constant holding potential, and experiments were carried out at room temperature (20°C to 22°C).
RESULTS
Interaction between ASIC3 and CIPP Revealed by Two-hybrid Genetic Screen-A detailed analysis of the C-terminal region of ASIC3 showed that the last four amino acids form a putative binding sequence for PDZ domains (V-T-X-L) (32) (Fig.  1A) . This observation led us to search for putative ASIC3-interacting proteins by the two-hybrid genetic screen. The Cterminal region of ASIC3 was used as a bait, and an interaction cDNA library was constructed from rat adult DRG. Seventeen clones encoding incomplete forms of the CIPP protein were obtained from the 9.5 ϫ 10 6 initial clones screened. They were organized in eight independent populations of clones, suggesting some specificity for the interaction of CIPP with ASIC3. CIPP is a 612-amino acid protein that contains four PDZ domains (33) (GenBank TM accession number AF060539). All the clones identified encode proteins containing one or several PDZ domains, suggesting some interaction of these PDZ domains with the C-terminal motif of ASIC3. This was further demonstrated by the construction of different mutants of ASIC3. In the first bait, the C-terminal leucine of ASIC3 has been replaced by a phenylalanine, which was expected to abolish or strongly reduce binding of PDZ proteins (32) . In the second bait, the last three residues of ASIC3, which are known to play a crucial role in PDZ domain recognition, have been deleted (ASIC3 ⌬531-533 ). These two baits were both unable to interact with a partial CIPP clone isolated from the library that includes the fourth PDZ domain (CIPP PDZ4 , Fig. 1A ). This suggests some interaction of at least the CIPP PDZ-4 domain with the C-terminal region of ASIC3. The ASIC1 and ASIC2 Cterminal domains, which have recently been shown to interact with the PDZ-containing protein PICK1 (34), did not interact with CIPP PDZ4 (Fig. 1A) , consistent with the presence of a different C-terminal consensus motif. The different clones isolated from the DRG library all contained CIPP PDZ-4, but some also included PDZ-2 and PDZ-3. To check possible interactions of the ASIC3 C-terminal region with these PDZ domains of CIPP, we have produced a full-length CIPP and a form lacking the PDZ-4 domain (CIPP⌬ PDZ4 ). An interaction occurs when PDZ-4 is present (i.e. with the full-length CIPP; Fig. 1B) but not with CIPP⌬ PDZ4 (Fig. 1C) , strongly suggesting that PDZ-4 is the only PDZ domain of CIPP capable of interacting with ASIC3. Surprisingly, the CIPP full-length protein co-expressed with the ASIC3 bait gave virtually no fluorescence, although the yeast were grown on selective media. However, this construct is specific for the bait used because the L533F and ⌬531-533 mutations on the ASIC3 bait disrupted the interaction (Fig. 1B) . The lack of fluorescence could be explained by disparate degrees of activation of both reporter genes (35) by the CIPP prey plasmid, leading to a consistent activation of the LEU2 gene but a very small activation of the GFP gene. Ex-pression in yeast of all bait constructs was confirmed by Western blot analysis of yeast protein extracts using an anti-LexA antibody (Santa Cruz Biotechnology) (data not shown).
Confirmation of the ASIC3-CIPP Interaction by GST Pulldown-We next used the GST fusion protein binding assay to validate the interaction of CIPP with the C-terminal region of ASIC3 in an independent approach (Fig. 2) . GST fusion proteins bearing the wild-type C-terminal region of ASIC3 or a C-terminal region lacking the last three residues (ASIC3 ⌬531-533 ) were used to pull-down the full-length CIPP or a form lacking the PDZ-4. The data showed the same specificity of interaction for CIPP and ASIC3 as exhibited in the yeast two-hybrid system. As expected, we did not observe binding of CIPP to a form of ASIC3 when the C-terminal PDZ recognition motif was removed or binding of ASIC3 to a form of CIPP lacking the fourth PDZ domain (Fig. 2) .
Localization of CIPP in DRG Neurons-The interaction of CIPP with ASIC3 in the two-hybrid system and in the GST pull-down assay suggests that they may associate directly in their native environment. Unfortunately, immunoblotting or immunoprecipitating antibodies directed against CIPP and ASIC3 are not available, precluding co-immunoprecipitation analysis from native DRG cells or co-localization by immunohistochemistry. However, the CIPP transcript has been codetected with the ASIC3 mRNA by reverse transcription-PCR from rat DRG total RNA (Fig. 3A) . The CIPP transcript was also detected in most of the rat tissues analyzed, whereas the ASIC3 transcript was almost exclusively detected in DRG, confirming and expanding the previously described distribution in rat (25) . The distribution of the CIPP mRNA in rat established by reverse transcription-PCR is much broader than the one found in mouse by Northern blot analysis. In mouse, ]cysteine was mixed with the GST fusion protein as indicated on the left, precipitation was performed, and the pull-down products were analyzed by SDS-PAGE followed by autoradiography. The GST alone (GST) and the empty cloning vector (CTR) were used as controls. The input corresponds to the crude in vitro translation reaction. Positions of molecular mass standards are indicated on the right.
FIG. 1. Interaction of ASIC channels with CIPP in the yeast two-hybrid system.
A, CIPP PDZ4 isolated from the DRG cDNA library, which contains only the CIPP PDZ-4 domain interacted with the intracellular C-terminal domain of ASIC3 but not that of the ASIC3 C-terminal mutants L533F and ⌬531-533, indicating that the last C-terminal amino acids in ASIC3 are important for interaction with CIPP. CIPP PDZ4 did not interact with the intracellular C-terminal domain of ASIC1 and ASIC2. The bars represent the approximate length of the baits, and the sequence of the last 10 amino acids is shown. The pJG4 -5 cDNA library expression cassette is under control of the GAL1 promoter, such that library proteins are expressed in the presence of galactose (Gal) but not glucose (Glu). The system used for the two-hybrid screen includes the reporter genes LEU2 and GFP, which replace the classical lacZ gene commonly used and allow a fast and easy detection of positive clones with long-wave UV. The results from growth assay and GFP fluorescence are indicated on the right. B and C, the ASIC3 C-terminal bait interacts only with prey containing the fourth PDZ domain of CIPP, i.e. full-length CIPP (B) and CIPP PDZ4 (A) but not CIPP ⌬PDZ4 (C). The virtual absence of fluorescent signal when the full-length CIPP was used as prey (B) could be explained by disparate degrees of activation of both reporters, with a consistent activation of the LEU2 gene but only a very small activation of the GFP gene. The specificity of the full-length CIPP for the ASIC3 bait was further confirmed by the absence of growth associated with the ASIC3 L533F and ⌬531-533 mutant baits (B).
CIPP has been detected exclusively in brain and kidney (33) , but its expression in DRG was not analyzed. A more detailed analysis of the CIPP mRNA expression in rat DRG has been done by in situ hybridization (Fig. 3B) . A consistent signal in neuronal cells was obtained with two independent antisense oligonucleotide probes but not with a sense probe (Fig. 3B) . CIPP mRNA was detected in 57% of DRG neurons. Analysis of the surface area of CIPP-positive cells showed that the mean area is 560 Ϯ 32 m 2 (Fig. 3C) . About 76% of the CIPP-positive cells have an area of Ͻ700 m 2 corresponding to small diameter (Ͻ30 m) nociceptive neurons (Fig. 3C) . These neurons also express ASIC3 mRNA, as shown recently by Voilley et al. (5) in a comprehensive in situ hybridization analysis of ASIC expression in DRG neurons. The ASIC3 protein was also detected in these neurons (12) . Thus, CIPP and ASIC3 are expressed in the same population of nociceptive neurons.
ASIC3 Current Densities Are Increased in the Presence of CIPP-
To explore a possible effect of CIPP on the functional expression of ASIC3, we performed co-transfection of the ASIC3 subunit with CIPP in COS cells using a CIPP bicistronic vector also carrying the cDNA for the cell surface marker CD8. Cells co-expressing CIPP and ASIC3 could be easily detected by both the binding of anti-CD8 monoclonal antibody-coated beads (Dynal) and the expression of an ASIC3 current. CIPP significantly increased the current densities of the peak current recorded with the whole-cell patch clamp technique at each pH tested (increase factor of 4.6 at pH 5, 5.7 at pH 5.5, 5.4 at pH 6, 9.8 at pH 6.4, and 8.3 at pH 6.8; n ϭ 9 -26; p Ͻ 0.001) (Fig. 4,  A and B) . Similarly, the sustained current measured at pH 5 was also increased by CIPP (data not shown). The pH dependence of the peak current (Fig. 4B, inset) was slightly but significantly shifted from 6.19 Ϯ 0.02 to 6.40 Ϯ 0.03 in the presence of CIPP (n ϭ 14 and 26, respectively; p Ͻ 0.001). The effect was abolished when the C-terminal deletion mutant of ASIC3 (ASIC3 ⌬531-533 ) was co-expressed with CIPP or when ASIC3 was co-transfected with the CIPP PDZ-4 deletion mutant (CIPP⌬ PDZ4 ) (Fig. 4, A and B) . These results indicate that an interaction between the CIPP PDZ-4 and the ASIC3 C terminus is essential for the functional effect to occur. Moreover, co-transfection in COS cells of CIPP with another ASIC subunit (ASIC1a) did not induce any increase of the current density ( Fig. 4C ; n ϭ 4 -7; p ϭ 0.90), and a similar result has been obtained with ASIC2a (data not shown), confirming the specificity of the interaction between CIPP and ASIC3.
ASIC3 currents (with or without CIPP) have also been recorded from outside-out patches (Fig. 5) . Fig. 5A shows typical currents obtained for a transient acidification of the external medium from pH 7.4 to pH 6.8. Due to the important activity of the channels, especially in the presence of CIPP, it was decided to show currents obtained for a low external acidification to distinguish the elementary events more clearly (Fig. 5A) . As indicated by the histograms on Fig. 5B , CIPP did not change the unitary amplitude of ASIC3 current recorded at Ϫ50 mV (Ϫ1.31 Ϯ 0.03 pA (n ϭ 7) versus Ϫ1.42 Ϯ 0.09 pA (n ϭ 6), with and without CIPP, respectively; p ϭ 0.29). The slope conductance of ASIC3 (Fig. 5C ) was 11.2 Ϯ 0.4 and 10.5 Ϯ 1.7 picosiemens in the presence and absence of CIPP, respectively. These values are close to the unitary conductance reported previously for ASIC3 (12.6 picosiemens) (25) . Taken together, these data show that the biophysical properties of ASIC3 (unitary conductance and ionic selectivity) are not modified by CIPP but that the NPo of the channel is significantly increased in the presence of CIPP.
DISCUSSION
Ion channels, receptors, and cytosolic signaling proteins are highly organized at the plasma membrane. The modular domains of multidomain scaffolding proteins are fundamentally important in this organization and in coordinating signaling. CIPP is a PDZ domain-containing protein that contains four PDZ domains. CIPP has been cloned from a mouse cerebellum cDNA library with the two-hybrid system using an artificial peptide containing the C-terminal sequence V-S-D-L as bait (33) . Interestingly, this sequence, which corresponds to a type I (S/T-X-V/L) PDZ-interacting domain, is highly similar to the C-terminal sequence of the ASIC3 protein (V-T-R-L). CIPP was found to interact in vitro with several ion channels and neuro- nal cell surface molecules. All the described interactions involved PDZ-2 and PDZ-3, and no cellular ligands of the first and the last PDZ domains were identified (33) . For instance, the inward rectifying K ϩ channel Kir4.1 and the neuronal cell surface molecule neuroligin interact specifically with PDZ-2, whereas Kir4.2 and the NMDA receptor subunit 2B (NR2B) associate with both PDZ-2 and PDZ-3 (33) . The NMDA receptor subunit 2C (NR2C) and the cell surface molecule neurexin interact exclusively with PDZ-3 (33) .
We have shown here that ASIC3 is a specific ligand of the CIPP PDZ-4 domain. Consistent with this, the artificial PDZbinding peptide used as a bait in the initial isolation of CIPP also exclusively interacts with CIPP PDZ-4 (33). CIPP PDZ-4 has particular features that could explain this specificity. As indicated by Kurschner et al., (33) the conserved GLGF motif, that characterizes PDZ motifs and functions in mediation of the binding of defined peptide sequences is found in PDZ-1, PDZ-2, and PDZ-3, but this motif is significantly different in PDZ-4 (corresponding sequence, ALGI). Thus, the specificity of each CIPP PDZ domain seems to be different, and PDZ-4 associates with proteins that differ from the ligands of PDZ-2 and PDZ-3. CIPP thus appears to be a scaffolding protein that assembles in the membrane of sensory neurons ASIC3 (connected to CIPP PDZ-4) and other proteins interacting with PDZ 1-3 that may also couple ASIC3 to intracellular signaling networks or to modulatory proteins.
Electrophysiological recordings revealed that the co-expression of CIPP with ASIC3 in COS cells led to a significant increase of ASIC3 current densities. CIPP was previously shown to be able to double the current densities of the potassium channel Kir4.1 in COS-7 transfected cells (33) . The effect of CIPP on ASIC3 is much stronger because it corresponds to a 5-fold increase of the maximal peak current densities measured at pH 5 and pH 5.5. CIPP also slightly shifts the pH dependence of activation of the ASIC3 peak current toward a more alkaline pH, which accounts for the higher increase of peak current densities (10-fold) at pH values between pH 6.4 and pH 6.8. CIPP does not change the biophysical properties of ASIC3, and the increase in peak current densities thus reflects an increase in the NPo of the channel. It seems most probable that this is due to a larger number of active channels in the membrane, although we cannot completely rule out an effect on Po. This could result from the integration of new channels in the membrane, from a decrease of channel recycling from the membrane, or from the activation of already present but silent channels. Currents are generated by transient changes of the external pH from pH 7.4 to pH 5 as indicated above each current trace. B, peak current densities are plotted as a function of the external pH. The symbols used are defined above the current traces illustrated in A. Co-expression of CIPP together with ASIC3 significantly increases the peak current densities at each pH tested compared with ASIC3 alone (n ϭ 9 -14 and n ϭ 23-26, respectively; ‫,ء‬ p Ͻ 0.001). This effect is abolished when the C-terminal deletion mutant of ASIC3 (ASIC3 ⌬531-533 ) is co-transfected with CIPP (n ϭ 8 -12) or when the PDZ-4 deletion mutant of CIPP (CIPP⌬ PDZ4 ) is co-transfected with ASIC3 (n ϭ 14 -18), confirming that the interaction of CIPP PDZ-4 with the ASIC3 C-terminal domain is responsible for this effect. Inset, pH dependence of peak current amplitudes normalized to the maximal current obtained at pH 5 at Ϫ50 mV. In the presence of CIPP, the pH 0.5 is slightly but significantly shifted to a more alkaline pH (p Ͻ 0.001). C, whole-cell ASIC1a current recorded in the presence and absence of CIPP. Currents are elicited at Ϫ50 mV by changes of the external pH from pH 7.4 to pH 6. Recent studies suggest that PDZ-containing proteins can indeed influence the cell surface expression of their target proteins by, for instance, affecting their insertion, endocytosis, and recycling (36) . For example, the PDZ protein syntenin mediates cell surface expression of pro-TGF through interaction with the receptor while it is in the endoplasmic reticulum. Pro-TGFa is retained in the endoplasmic reticulum, and an interaction with syntenin is necessary for the release from the endoplasmic reticulum and subsequent surface expression. Mutants of pro-TGFa that disrupt PDZ protein-protein interactions block cell surface targeting (37) . Alternatively, the interaction of the ␤2 adrenergic receptor with NHERF/ABP50 regulates plasma membrane recycling of the receptor after endocytosis (38) . The present data suggest that PDZ domaincontaining proteins also regulate ASIC3 surface expression, although the precise underlying mechanism remains to be elucidated. This could constitute another example of the role of PDZ proteins in membrane protein trafficking, beside their function as scaffolding or anchoring proteins at specific sites in the membrane.
The present study has revealed CIPP as an apparent partner of ASIC3 in sensory neurons. Moreover, CIPP is able to modulate the ASIC3 current in vitro. CIPP-interacting proteins have already been identified in vitro from brain neurons, but it is not clear whether these previously described proteins (i.e. the inward rectifying K ϩ channel Kir4.1, the neurexin and neuroligin cell surface molecules, and the NMDA subtype of glutamate receptors) are also associated with CIPP in sensory neurons and if they could have any functional connection with ASIC3. Unveiling the CIPP-associated proteins in DRG neurons, including the as yet unidentified ligand(s) of the first PDZ domain, will certainly help to clarify this issue. The identification of proteins that could assemble with ASIC3 in the membrane of sensory neurons is essential to better understand the regulation and function of ASIC channels in sensory perception and particularly in nociception.
